Introduction
The materials exhibiting multiple ferroic properties, such as ferroelectricity, ferroelasticity, and ferromagnetism (or antiferromagnetism) in the single phase are referred to as multiferroics. The coupling between the magnetic and electronic in multiferroics, namely, magnetoelectric effect, could provide an additional degree of freedom in device design, which is more scientifically important than the ferroelectricity or magnetism individually 1, 2 . Recently, ferroelectromagnetic materials have become widely known due to their potential applications in the memory devices, sensors, and spintronics 3 . There are very few materials exhibiting both ferromagnetic (FM) and ferroelectric (FE) properties at room temperature (RT), such as (BiFeO 3 , abbreviated as BFO) and bismuth titanium iron (Bi 5 FeTi 3 O 15 , abbreviated as BFTO) 4, 5 . The ferroelectromagnetic property has been reported in several structural types of materials such as sulfide spinels and oxide perovskites 6 . Perovskite-type materials provide a broad range of magnetic and electrical properties covering antiferroelectric, antiferromagnetic, metallic, semiconductor, and insulator behaviours. The combination of these perovskite members could open various routes for achieving the multiferroic properties in a single phase. Recently, several groups reported on the synthesis and characterization of multiferroic perovskite systems such as BiFeO 3 (BF) -PrFeO 3 (PF) -PbTiO 3 (PT) 7 and BiFeO 3 (BF) -PbTiO 3 (PT) 8 systems.
BiFeO 3 is a perovskite system, intensively studied in recent years, due to the expectations of magnetoelectric properties at room temperature. The existence of both magnetic and ferroelectric ordering makes it a magnetoelectric material. BiFeO 3 has long been known to be ferroelectric with a Curie temperature of about 1103 K and antiferromagnetic with a Neel temperature (T N ) of 643 K. These high transition temperatures allow the usage of BiFeO 3 (BFO) for devices in a wide range of temperature. BiFeO 3 is one of the most extensively investigated multiferroic compound in which the Bi 6s lone pair electrons are believed to be responsible for ferroelectricity, while partially filled d orbital of Fe lead to magnetic ordering. The disadvantages of these materials are that they possess weak ferroelectric (polarization) and ferromagnetic order parameters. Large number of oxygen vacancies produced due to highly volatile nature of Bi and the multiple oxidation states of Fe (Fe  2+ and Fe   3+ ) cause a high leakage current in the material that degrades its ferroelectric properties [9] [10] [11] . In order to (i) enhance ferroelectric (polarization) and ferromagnetic order parameters and (ii) reduce leakage current several attempts have been made to replace A and B site of pure BiFeO 3 3 powders were found that bulk densities increased up to 93% of theoretical density and dielectric properties also improved by the Pb-doping as compare to pure BiFeO 3 19 . The orthoferrites with the formula RFeO 3 (R is a rare-earth element and M is a transition metal atom) have been reported by a number of authors 20, 21 . These orthoferrites are the G-type antiferromagnets with weak ferromagnetism and good electrical insulators. It is known that the perovskite structure has the ability to stabilize cations in unusually high oxidation states, and the anion sublattice can accommodate a high concentration of vacant sites. Lotey et al., have synthesised Tb-doped BiFeO 3 nanowires and reported that increases in Tb concentration, the saturation magnetization increases and leakage current density decreases 22 . Zhang et al., have prepared a series of rare-earth doped BiFeO 3 (Bi 1-x R x FeO 3 (x=0-1, R = La, Nd, Sm, Eu and Tb), samples and reported structure transformation from rhombohedral lattice to orthorhombic by increasing x. Neel temperature and magnetisation also enhanced by the doping of rare earth ions 18 
Experimental
Polycrystalline samples of Bi 0.8 Tb 0.1 Pb 0.1 Fe 0.9 Ti 0.1 O 3 were synthesized from high purity oxides Bi 2 O 3 (99.9% pure M/S Aldrich chemicals USA), Fe 2 O 3 (99.9% pure M/S Aldrich chemicals, USA), Tb 4 O 7 (99.9% pure M/S Aldrich chemicals, USA), PbO (99.9% pure M/S Aldrich chemicals, USA) and TiO 2, (99.9% pure M/S Aldrich chemicals, USA), using high temperature solid-state reaction technique. The constituent compounds in suitable stoichiometric were thoroughly mixed in a ball milling unit for 48 h. Then powder was dried at 125 °C and calcined at 800 °C for 4 h in alumina crucibles. The calcined fine powder was cold pressed into cylindrical pellets of 10 mm in diameter and 1-2 mm in thickness using a hydraulic press with a pressure of 50 MPa. These pellets were sintered at 850°C for 4 h. The formation and quality of compounds were verified with X-ray diffraction (XRD) technique. The XRD patterns of the compounds were recorded at room temperature using X-ray powder diffractometer (Rigaku Minifiex, Japan) with CuKα radiation (λ = 1.5405 Å) in a wide range of Bragg angles 2θ (20° ≤ 2θ ≤ 60°) at a scanning rate of 1/2° min −1 . The dielectric constant (ε) and loss tangent (tanδ) of the compounds were measured using a HP 4284A Precision LCR meter as a function of frequency at room temperature (RT) and temperature (RT to 300 º C) at different frequencies with a home-made furnace. Table 1 . Because of the kinetics of the formation, mixtures of BiFeO 3 are always obtained as a major phase along with other impurity phases during synthesis. The little impurity phase was observed which it is shown as * in Fig. 1 . It may be attributed to Bi 2 Fe 4 O 9 . As for BiFeO 3 , it is difficult task to prepare a pure BiFeO 3 compound and the available literature indicates that a small impurity concentration is always present in the system 13 .
Results and discussion
All the reflection line in XRD pattern were used for obtaining the average crystalline size using the Debye-Scherrer equation, (1)
where t is the diameter of the particle, λ is the x-ray wavelength (0.154 nm), B M and B S are the measured peak broadening and instrumental broadening in radian, respectively, and θ B is the Bragg angle of the reflection. The calculated average crystalline size from Eq. (1) is 30-40nm. Fig. 2(a-b) shows the variation of dielectric constant (ε) and loss tangent (tan δ) as a function of applied frequency of Bi 0.8 Tb 0.1 Pb 0.1 Fe 0.9 Ti 0.1 O 3 ceramic at different temperatures. As shown in the Fig. 2 (a) dielectric constant (ε) and loss tangent (tan δ) decreases with increasing frequency from 100Hz to 1MHz 25 . Initially dielectric constant (ε) and loss tangent (tan δ) decreases sharply and after that it decreases smoothly. As Bi 0. 8 26 . Fig. 3(a-b) shows the variation of dielectric constant (ε) and loss tangent (tanδ) with temperature at different frequencies 1 kHz, 10 kHz and 100 kHz, which was obtained on silver electrode samples in plane capacitor configuration. The two peaks were observed, the first peak corresponds to the ferroelectric-ferroelectric (FE-FE) and second peak correspond to the ferroelectric-paraelectric (FE-PE) phase transition 27, 28 . These peaks are due to two different ferroelectric compounds present in the ceramic system i.e. BiFeO 3 and PbTiO 3 . As in normal ferroelectrics, the dielectric constant of Bi 0.8 Tb 0.1 Pb 0.1 Fe 0.9 Ti 0.1 O 3 increases upto transition temperature then decreases with increasing temperature. In Fig. 3(b) the dielectric loss increases smoothly up to 275 0 C but after this temperature the loss increases sharply. Bi 0.8 Tb 0.1 Pb 0.1 Fe 0.9 Ti 0.1 O 3 ceramic have maximum value of dielectric constant ~2500 and the maximum value of loss tangent (tan δ) is ~600 at 1 kHZ. This high conductivity and leakage, especially at higher temperatures in BiFeO 3 -based ceramics were considered to be caused in part by the difficulty of producing this material in its single phase. Therefore, the problem persists even in very pure BiFeO 3 ceramics and it was explained as originating from the spontaneous change of the oxidation state of Fe 3+ /Fe 2+ 29,30 . This change is responsible for the formation of oxygen vacancies for preserving the local electrical neutrality and causes thermally activated hopping conduction. In addition, an important contribution to the losses may occur in bulk ceramics by defects associated 0 C of Nyquist plot respectively. It is observed that with the increase in temperature the slope of the lines are decreases and the lines bend towards real (Zʹ) axis. A semicircle of the graph indicating that conductivity of the sample increases. It can also be observed that the peak maxima of the plots decrease and the frequency for the maximum shifts to higher values with the increase in temperature. It can be noticed that the complex impedance plots are not represented by full semicircle, rather the semicircular arcs are depressed and the centre of the arcs lies below the real (Zʹ) axis suggesting the relaxation to be of poly dispersive non-Debye type in samples. This may be due to the presence of distributed elements in the material electrode system 31 . An equivalent circuit is being used to provide a complete picture of the system and establish the structural property relationship of the materials. Comparison of complex impedance plots (symbols) with fitted data (lines) using commercially available software ZSimpwin Version 2 has been given in the fig. To model the non-Debye response, constant phase element (CPE) is used in addition to resistors and capacitors. Fig. 6(a) shows the variation of real part of impedance (Zʹ) as a function of frequency at different temperatures. The pattern shows a sigmoid variation as a function of frequency in the low frequency region followed by a saturation region in the high frequency region. This suggests the presence of mixed nature of polarization behavior in the material, such as electronic, dipolar and orientation polarization. A decreasing trend of Zʹ with rise in temperature suggests the presence of negative temperature coefficient of resistance (NTCR) in the material in the low frequency region but tends to merge in the high frequency region at almost all temperatures. These results indicate a possibility of increase in ac conductivity with rise in temperature in the high frequency region which is due to the release of space charge and lowering in the barrier properties of the material. Fig. 6(b) presents the variation of imaginary part of impedance (Zʹʹ) as a function of frequency at different set of temperatures. With the increase of frequency, imaginary part of impedance (Zʹʹ) decreases with increase of frequency. The magnitude of Zʹʹ decreases with increasing temperature. This would imply that dielectric relaxation is temperature dependent, and there is apparently not a single relaxation time which are sported by the results reported by Pattanayak S. in Gd-doped BiFeO 3 sample 32 . Complex modulus analysis is an alternative approach to explore electrical properties of the material and to magnify any other effects present in the sample. It is an important and convenient tool to determine, analyse and interpret the dynamical aspects of electrical transport phenomena (i.e. parameters such as carrier/ion hopping rate, conductivity relaxation time, etc.). In order to analyse and interpret the experimental data, it is essential to have a model equivalent circuit that provides a realistic representation of the electrical properties. The complex electric modulus spectrum Mʹ versus Mʹʹ is shown in Fig. 7 at lower temperatures may be caused by short range mobility of charge carriers. Such results may possibly be related to a lack of restoring force governing the mobility of the charge carriers under the action of an induced electric field. Fig. 8(b) shows the variation of imaginary part of modulus (Mʹʹ) with frequency at different temperatures. From this graph we found that Mʹʹ shows the strong peaks and the position of the peak i.e. Mʹʹ max shifted to higher frequencies as the temperature was increased. The frequency region below peak maximum Mʹʹ determines the range in which charge carriers are mobile on long distances. At frequency above peak maximum, the carriers are confined to potential wells, being mobile on short distances. The peaks are asymmetric and broader than the ideal Debye curve. The frequency range where the peaks occur is indicative of transition from long range to short range mobility. Fig. 9(a-b) shows the normalized plot of Zʹʹ/Zʹʹ max and Mʹʹ/Mʹʹ max versus log (f/f max ) at different temperatures for Bi 0.8 Tb 0.1 Pb 0.1 Fe 0.9 Ti 0.1 O 3 ceramics respectively. The normalized plot overlaps on a single master curve at different temperatures (i.e. same shape and pattern in the peak position with slight variation in full width at half maximum FWHM with rise in temperature). Thus the dielectric processes occurring in the material can be investigated via master modulus plot. The value of FWHM evaluated from the normalized spectrum is greater than log 2 3 2 3
, and this indicates about non-Debye type behavior which is well supported by complex modulus plot 33 . Fig. 10 shows the comparison of the frequency-dependent behavior of Mʹʹ and Zʹʹ for the sample at temperature 250 ˚C. It was found that there is a wide gap between Mʹʹ and Zʹʹ peaks showing the Non Debye type of behaviours. The Zʹʹ peaks are asymmetric at lower frequency side while Mʹʹ peak are asymmetric on the higher frequency side. In the entire range of observed temperature no overlapping temperature could be found, indicating that the samples have component both from long range conductivity and localized relaxation. Where τ 0 is pre-exponential factor, Ea is the activation energy, k is Boltzmann constant and T is the absolute temperature. The τ value of the Bi 0.8 Tb 0.1 Pb 0.1 Fe 0.9 Ti 0.1 O 3 ceramics was found to be decreasing with increasing temperature, which is a typical behavior of a semiconductor. The semiconducting nature of the grains in ceramics is believed to be due to the loss of oxygen during high temperature sintering process. The values of Ea show that the dielectric relaxation processes in the samples are closely related to the oxygen vacancies, which have been reported as the most mobile ionic defects in perovskite 34 . The activation energy in the ABO 3 perovskite structure decreases with increasing oxygen vacancy content 35 .
Conclusions
Ternary solid solutions of BiFeO 3 , TbFeO 3 and PbTiO 3 have been prepared by solid-state reaction method. The XRD pattern confirms that sample has a hexagonal structure at room temperature. Dielectric properties of sample have been studied in the temperature range between 175 -325 0 C and frequency range 100 Hz -1 MHz. The maximum ferroelectric transition temperature (T c ) of this system was in the range 210 -225 0 C with the dielectric constant of ~2480 at 1 kHz. Impedance spectroscopy there is the presence of single semicircle arc at all reported temperatures which indicates that there is presence of grain interior (bulk) property in material. Sample showed dielectric relaxation, which is found to be of non-Debye type and the relaxation frequency shifted to higher side with the increase of temperature. The Nyquist plot and conductivity studies showed the negative temperature coefficient of resistance behavior (NTCR) of samples. These materials have used tremendous applications in the form of sensor, actuator and transducer. 
